This paper addresses the time-dependent crystallization process occurring in 'bulk' amorphous Co 80-x respectively, suggesting one-dimensional growth, with a decreasing nucleation rate. Activation energy for α-(Co,Fe) was determined to be 2.7(1) eV and 2.4(3) eV in x = 20 and 40 respectively suggesting that those alloys with a lower Co content have a stronger resistance to crystallization. Based on these results, fabrication of CoFeB magnetic tunnel junctions via depositing amorphous layers and subsequently annealing to induce lattice matching presents itself as a viable and efficient method, for increasing the giant magnetoresistance in magnetic tunnel junctions.
I. INTRODUCTION
Tunnelling magnetoresistance is the change in electrical resistance with applied magnetic field that occurs in a thin trilayer consisting of an insulating barrier placed between two ferromagnetic conductors. The insulators are normally ionic bonded oxides such as AlO x and TiO x , with MgO the most common insulator at present, while the ferromagnets can be elements such as Fe or Co.
The basic effect observed in magnetic tunnel junctions (now described as TMRs) has been known since 1975 1 but early changes of electrical resistance with applied field in a junction consisting of Fe/GeO/Co were only of order 14% at 4.2K.
Following the discovery of the 'giant magnetoresistance' (GMR) in the late 1980s and its importance in the extremely rapid development of computing and recording, work began in earnest on possible alternatives or additions to the composition of both the ferromagnet and insulator layers. Revisiting the potential of TMR it was appreciated that an essential requirement was that the three components of the junction should be (a) crystalline and (b) lattice matched at the interfaces. Extensive developments using Al 2 O 3 as the tunnel barrier resulted in magnetoresistances of about 70% at room temperature 2 . A very significant advance was achieved by replacing Al 2 O 3 with MgO. However, it proved very difficult to obtain lattice matching when it was attempted to grow bcc Fe or bcc Co onto (001) MgO. A solution was found by growing
MgO on amorphous (CoFe) 80 B 20 with the MgO then taking on a well-oriented (001) structure 3 . A (CoFe) 80 B 20 /MgO/(CoFe) 80 B 20 trilayer is then formed and post-annealing this stack at about 633 K induces crystallization with the CoFeB obtaining a bcc structure closely matching the MgO lattice. Using this method TMR ratios of 600% and greater at room temperature have been obtained 3 . In addition, TMRs with ultra-thin CoFeB layers for use in spin-torque operated devices have been shown to exhibit perpendicular magnetic anisotropy 4 and low-damping.
However, as the thickness of the decreases damping increases 5 , therefore, efforts have turned towards understanding how the composition and thermal treatment of the CoFeB layer affects the magnetic behaviour 6 It is now widely accepted that the low coercivities and high resistivities of CoFeB, coupled to their ability to induce crystallization and lattice matching with the barrier MgO, makes them ideal components of magnetic tunnel junctions. However, although there have been several publications on XRD and TEM studies of MgO/CoFeB bilayers, interfaces and capping layers 7 , there have been no studies of the effects of annealing on the amorphous alloys themselves. The purpose of this paper is to investigate this via two CoFeB 'classical' alloy compositions in the form of melt-spun amorphous ribbons, 3 to 5 mm wide by about 20 µm thick. The data for both compositions have been analysed in detail at three temperatures using a Rietveld refinement technique 8 . Likewise, the kinetics of growth including phase formation has been studied at the same three temperatures by the theory developed by Johnson-Mehl-Avrami-Kolmogorov (JMAK), showing time constants that are remarkably dependent on temperature.
II. EXPERIMENTS AND ANALYSIS
A. Sample preparation Polycrystalline precursor Co (80-x) Fe x B 20 (x = 20, 40) ingots were prepared using an argon arc furnace. High purity (99.9%) Co, Fe and B ingots were melted together in a titanium-gettered argon atmosphere. To ensure homogeneity samples were turned several times and remelted. The total mass of each ingot was limited to 10 g. The resulting ingots were cut into small pieces (0.5 -1 g), melted in a quartz tube using RF coils, and by a burst of Ar gas forced through a small hole onto a rapidly rotating copper wheel, cooling the sample at a rate of 10 6 Ks -1 . This melt spinning technique produced high quality amorphous ribbons ~20 µm thick and over a metre long.
B. Synchrotron X-ray diffraction 
III. RESULTS AND DISCUSSION
A. Phase formation -Rietveld refinement 16 , and therefore a deviation in the lattice parameter from α-Fe is likely to be associated with an increase of Co content. Similarly, the hold at 690 K has a reduced lattice parameter, when compared to Fe, but slightly higher than the hold at 660 K suggesting that fewer
Co atoms have diffused into the unit cell. A deviation in the trend is noted in the lattice behaviour at 680 K, showing a lower lattice parameter than in both the 660 K and 690 K holds.
Unusually the lattice parameters should be higher than that at 660 K and lower than that at 690 K due to thermal expansion, although it appears to show contraction. It is likely that this difference is due to the similarity in scattering lengths between Fe and Co, and the assumption during the data analysis that the site occupancies are 50:50. (JMAK model). For example it has found uses in the description of amorphous materials, and crystalline phase transformations 23 . The model describes the time dependence of the crystallite volume fraction (V T ) as,
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where τ is the inverse rate constant which represents the time constant for phase transformation and n is the Avrami exponent. In diffusion controlled growth processes, the fraction of volume transformed is associated with the volume of the phase transformed, and in the case of synchrotron x-ray diffraction experiments can be determined from the integrated intensity of a single phase Bragg peak (assuming there are no effects due to strain or preferred orientation).
The value of the Avrami exponent is directly related to the dimensions of grain growth 22 and has been comprehensively defined by Christian 24 .
Taking the double natural logarithm of both sides of equation 1 and rearranging gives
where a plot of lnln(1/1-V T ) versus ln(t/τ) should be a straight line with a gradient of n.
Assuming the rate constants follow the Arrhenius law, the activation energy, E A , and its associated frequency factor (a measure of the probability that a molecule having an energy, E a , will participate in the reaction), k 0 , are defined as:
Where k (=1/τ) is the rate constant, k B is Boltzmann's constant, and T is the absolute temperature.
Linearizing equation (3) yields,
A plot of lnk versus 1/k B T will therefore be linear with a gradient E a , the activation energy.
During each isothermal anneal the intensity of the α-(Co,Fe) Bragg peak increases as the amorphous matrix transforms. In a diffusion controlled growth process the integrated intensity of an isolated Bragg peak is analogous to the volume of material transformed from one phase to (9) 20 (1) 14 (1) FIG 5 Table III . This is significantly lower than n = 4 expected for 3D grain growth from the JMAK model, an Avrami exponent in the range 1<n<2 indicated one-dimensional or rod-like growth. Typical dimensions of metallic ribbons are ~50 µm×~2 mm×~1 m, i.e the thickness is 10,000 times smaller than the length, and the width is 1000 times smaller still. Our value of n suggests that the growth in these directions ceases very soon, restricting the growth to continue along the length of the ribbon.
A low value for the Avrami exponent is not uncommon in FeCo metallic glasses. For example, in
Fe 65 Co 18 B 16 Si 1 n was calculated as 1.6 26 , and in (Co,Fe) 89 (MnMoSiB) 81 n = 1.48 27 , although neither reference specifies which crystal phase n was calculated for. In general the growth of α-Fe is reported to be diffusion controlled 11, 12, 28 , in which case an Avrami exponent between 1.5 and 2.5 suggests that all crystals grow from small dimensions with a decreasing nucleation rate 24 .
In comparison although the curves in FIG 6 (b) scale well with one another there is deviation from the expected straight line at ln(t/τ)~0.5, suggesting a breakdown in the JMAK theory at longer annealing times, a process similar to non-isothermal kinetics at higher temperatures 29 . A straight line yields an Avrami exponent of n = 2.02(6). Reasons for deviation can be attributed to the saturation of nucleation sites evident in the final stages of crystallization 30 , or to the restriction of crystal growth by smaller particles 31 . Alternatively, for these data the deviation from linearity could be an artefact of the data analysis and interference from secondary phase Bragg peaks in the calculation of the integrated peak intensities. The latter seems more likely as the deviation occurs at approximately 145 minutes into the isothermal hold, and SXRD data indicates that there is secondary phase formation after approximately 120 minutes. Nevertheless, a value of n between 1.5 and 2.5 is comparable to the value found for α-(Co,Fe) found in to 3000 Å the activation energy falls from 3.06 eV to 2.7 eV. The activation energy then increases from 2.7 to 2.83 eV as the film thickness increases from 3000 to 5000 Å, suggesting there is a critical thickness of 3000 Å in which the amorphous state will easily transform into a crystalline structure 32 . Based on this our results show that alloys with a lower Co content will be more likely to crystallize into α-(Co,Fe). Based on this our results show that alloys with a lower Co content will be more likely to crystallize into α-(Co,Fe).
C. Transmission Electron Microscopy
Bright field TEM was used to further elucidate the growth processes of the crystalline phases in the CoFeB system . FIG 8(a-c) shows the TEM images collected at 4000x and 20000x. The images show two distinct regions: large featureless areas and crystals displaying dendritic growth. These crystals are very similar to those reported during the growth of α-Fe 11 from the melt 33 . Selected area electron diffraction (not shown) confirmed the presence of both amorphous and crystalline material, and therefore it is assumed that the large featureless regions in the TEM images are the amorphous, uncrystallized regions of the ribbon. The fact that both amorphous and crystalline material coexist is not surprising. SXRD patterns previously described also indicate that there is remaining amorphous material at the end of the annealing process. It is apparent in the images at a magnification of 4K that, as the temperature of the anneal increases, the number of crystallites increases, whilst the distribution of crystallite size remains unchanged.
In each image it is shown that the crystallite size varies between 150 nm and 300 nm. According to Burke and Turnbull the crystallite size is chiefly dependent on the degree of deformation required to initiate crystallization, whereas variations in annealing temperature only have a minor effect on the size 34 . In the TEM images shown here there appears to be an increased density of crystallites with an increase in temperature; i.e the amount of deformation increases. 
